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E-mail address: songch@cnu.ac.kr (C.-H. Song).Mycobacterium tuberculosis (Mtb) infection leads to the induction of the apoptotic response, which
is associated with bacilli killing. The early secreted mycobacterial antigen ESAT-6 of Mtb has been
shown to induce apoptosis in human macrophages and epithelial cells. In the present study, we
demonstrate that the stimulation of human epithelial A549 cells by ESAT-6 induces the endoplasmic
reticulum (ER) stress response. We observed that ESAT-6 treatment increases intracellular Ca2+ con-
centration, which results in ROS accumulation, and therefore induces the onset of ER stress-induced
apoptosis. Our results uncover a novel apoptotic mechanism of ESAT-6 through ER stress responses
in pathologic conditions such as tuberculosis.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction proliferation and apoptosis of macrophages makes ESAT-6 anA number of bacterial pathogens induce apoptosis in host
cells by activating speciﬁc components of apoptotic pathways
[1]. Apoptosis of phagocytes has been considered a host strategy
in preventing the progression of infection against intracellular
microorganisms [2,3].Mycobacterium tuberculosis (Mtb) can modu-
late the apoptotic response of macrophages and epithelial cells [3].
Macrophage apoptosis not only directs the killing of intracellular
mycobacteria but also stimulates the adaptive immune response
[4]. Although most research speculates about the importance of
cell death mechanisms in the host response to Mtb infection, the
regulation of apoptosis during mycobacterial infection is not well
understood.
The extracellular proteins secreted by Mtb are an important
source of protective antigens [5]. Several secreted virulence medi-
ator molecules of mycobacteria are known to modulate the host
cell signaling. Among them, ESAT-6 is one of the important targets
for cell-mediated immunity in the early phase of tuberculosis (TB).
The secretion of ESAT-6 from Mtb is required for its virulence and
pathogenicity [7]. Its involvement in the stimulation of T cellchemical Societies. Published by E
iology, College of Medicine,
gku, Daejeon 301-747, Southimportant component of mycobacterial pathogenesis. Thus, ESAT-
6 is an attractive candidate for vaccine development [6].
Three components from the 30/32-kDa antigen 85 complex is
composed of secreted proteins that represent the most abundant
secreted proteins of tubercle bacilli cultivated in vitro [9]. The
30-kDa antigen is an immunodominant and potent inducer of
TNF-a secretion in mononuclear phagocytes [9]. Recently, ESAT-6
and 30-kDa have been demonstrated to induce Th1 immune re-
sponse and it is thought that a chimeric protein of 30-kDa and
ESAT-6 may serve as a potential vaccine candidate against Mtb
[10,11]. Further research will have to conﬁrm 30-kDa and ESAT-6
roles in tuberculosis pathogenesis.
The endoplasmic reticulum (ER) is a network of intracellular
membrane sacs extending from the nuclear membrane throughout
the cytoplasm. The ER functions in the synthesis of lipids and car-
bohydrates and then transports them to the Golgi apparatus for
further modiﬁcation. The accumulation of misfolded proteins or
the disruption of calcium (Ca2+) homeostasis in the ER causes
numerous ER stresses in cells [12,13]. ER stress has been found
to be associated with a wide range of diseases, including inﬂamma-
tion [14]. ER stress is a potential mechanism involved in mycobac-
terial antigen induced apoptosis though no reports exist.
Since alveolar epithelial cells are one of the active participants
in host immunity against Mtb infection [15], we aimed to investi-
gate the molecular mechanism underlying the apoptotic functionlsevier B.V. All rights reserved.
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thelial cells.
2. Materials and methods
2.1. Cell culture and preparation of the mycobacterial protein antigens
A549 human alveolar epithelial cells (ATCC CCL-185), mouse
embryonic ﬁbroblast (MEF) cells, ASK1/ MEF, and JNK/ MEF
were grown in Dulbecco’s modiﬁed Eagle’s medium (Gibco-BRL,
Grand Island, NY) supplemented with 10% FBS and penicillin
(100 IU/ml)/streptomycin (100 lg/ml). The ESAT-6 antigen was
puriﬁed from Mtb culture supernatant using the approach of Yang
et al. [16]. We used plasmid pMRLB.7 (pET23b-base construct) hav-
ing the rESAT-6 protein, a kind gift from P.J. Brennan and J.S.
Spencer (Colorado State University, CO, USA). The puriﬁed
30-kDa antigens were extracted from Mtb H37Rv (ATCC 27294)
using the approach of Yang et al. [16]. To test for LPS contamina-
tion, these antigens were passed through a column of polymyxin
B-immobilized beads and run through a Limulus amebocyte lysate
assay (BioWhittaker, Walkersville, MD, USA).
2.2. Measurement of XBP-1 splicing and reverse transcriptase-
polymerase chain reaction (RT-PCR) conditions
We carried out semi-quantitative RT-PCR using mRNA prepared
from A549 cells. To amplify XBP-1 mRNA, PCR was performed for
35 cycles [94 C, 30 s; 55 C, 30 s; 72 C, 1 min]. Spliced and0
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Fig. 1. Effects of ESAT-6 on XBP-1 mRNA splicing in human epithelial cell line A549 cel
were incubated with ESAT-6 and 30-kDa antigen for 6 h and optimum concentrations of
medium were removed from each well. Then, 0.5 mg/ml of MTT solution was added to ea
the well were dissolved in DMSO and the absorbance of the wells was measured at 57
Devices). For data evaluation, background and reference wavelength corrected absorp
referring to the untreated control containing only the solvent DMSO. The range for ESAT
(500 nM) was used as a positive control for cell viability assay. (B) A549 cells were stimu
isolated and 1.0 lg of total RNA was used to generate cDNAs by reverse transcription PC
unspliced and spliced mRNA. After RT-PCR, the ampliﬁed products were separated by
Tunicamycin (Tm), commonly used as an ER stress inducer, inhibits protein glycosylati
represent the ratio of XBP-1S to XBP-1U (XBP-1S/U ratio) to be calculated as a measure of
from three independent experiments are shown. The statistical signiﬁcance (*P < 0.05;
unstimulated groups were veriﬁed by two-tailed t-test. M, marker; STS, staurosporine.unspliced fragments (454 bp and 480 bp), were identiﬁed by 3%
agarose gel electrophoresis. For ampliﬁcation of GRP78 (796 bp)
and CHOP (422 bp) mRNA, PCR was performed for 35 cycles
[94 C, 30 s; 60 C, 30 s; 72 C, 1 min]. b-Actin is being used as an
internal control. The primers used for this reaction are as follows:
 XBP-1-F, 50-AAACAGAGTAGCAGCTCAGACTGC-30;
 XBP-1-R, 50-TCCTTCTGGGTAGACCTCTGGGAG-30;
 CHOP-F, 50-GCACCTCCCAGAGCCCTCACTCTCC-30;
 CHOP-R, 50-GTCTACTCCAAGCCTTCCCCCTGCG-30;
 GRP78-F, 50-GTATTGAAACTGTAGGAGGTGTC-30;
 GRP78-R, 50-TATTACAGCACTAGCAGATCAG-30;
 b-actin-F, 50-ATCTGGCACCACACCTTCTACAATGAGCTGCG-30;
 b-actin-R, 50-CGTCATACTCCTGCTTGCTGATCCACATCTGC-30.
2.3. Cell viability and apoptosis assays
The MTT cell viability assay was performed using the cell prolif-
eration kit MTT according to the manufacturer’s protocol (Roche
Applied Science, Indianapolis, IN). Apoptotic status of cells was as-
sayed using the Annexin V-FITC Apoptosis Detection Kit according
to the manufacturer’s instructions (BD Pharmingen, San Diego, CA).
Brieﬂy, A549 cells were plated at a density of 1  105 cells/ml were
treated with mycobacterial antigens for 6 h. The cells were washed
in PBS and stained with FITC-conjugated with annexin V (green)
and propidium iodide (red). Analysis of stained cells was per-
formed on a FACSCanto II with CellQuest software (BD Bioscience,
Mountain View, CA).Unspliced
Spliced 
4 48 Tm
ESAT-6 + 30-kDa
M 0 1 3 6 24 48 Tm
*** ** ** ** *
ls. (A) Determination of optimum mycobacterial antigen concentrations. A549 cells
each antigen were determined on the basis of cell viability. After 6 h of incubation,
ch well and the plates were incubated for 4 h. The formazan crystals at the bottom of
0 nm with 680 nm as reference wavelength using a microplate reader (Molecular
tion values were averaged for the triplicates and expressed as ‘‘Cell viability (%)”
-6 and 30-kDa antigen concentration tested was 2.5, 5 and 7.5 lg/ml. Staurosporine
lated with ESAT-6 (5 lg/ml) for 0–48 h or 30 kDa (5 lg/ml) antigen. Total RNA was
R and ampliﬁed using XBP-1 speciﬁc primers that were used to amplify products of
electrophoresis on a 3% agarose gel and visualized by ethidium bromide staining.
on. For a positive control, A549 cells were treated with 10 lg/ml Tm for 6 h. Data
XBP-1 splicing. The results were quantiﬁed with densitometry. Representative data
**P < 0.01; ***P < 0.001) of observed differences between antigen stimulated and
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A549 cells grown at a total of 1  105 cells/ml on coverslips
were loaded with the Ca2+ indicator, Fluo-4/AM (green; for confo-
cal measurements), or Fura-2/AM (for kinetic measurements), in
the presence of Ca2+ chelator, 25 lM BAPTA-AM or 10 mM EDTA
containing HBSS buffer plus Ca2+ according to the manufacturer’s
instructions (Molecular Probes, Carlsbad, CA). Images were ob-
tained by confocal microscopy (Zeiss LSM510 Meta; Carl Zeiss,
Jena, Germany). For kinetic measurements Ca2+-free HBSS buffer
solution containing 10 mM EGTA was used to eliminate the extra-
cellular Ca2+ and images were obtained every 5 s for 15 min at
37 C with using a CoolSNAP microscope (HQ, Photometerics, USA).
2.5. Western blotting
The cells were also harvested at indicated time points and then
incubated for 30 min on ice in lysis buffer. Equal amounts of pro-
teins were separated by SDS–PAGE, electroblotted onto polyvinyli-
dine diﬂuoride membranes, blocked and incubated overnight with
primary antibodies. Detection involved using the appropriate HRP-
conjugated or alkaline phosphatase-conjugated secondary anti-
bodies with chemiluminescent substrates (Amersham Pharmacia
Biotech) was done according to the manufacturer’s instructions.
The primary antibodies used in the present study were anti-CHOP
(Cell Signaling), anti-PARP (Cell Signaling), anti-caspase-3 (Imge-
nex), anti-caspase-4 (Assay Designs), anti-caspase-12 (Cell Signal-
ing), anti-phospho (Ser-51)-eIF2a (Assay Designs), anti-eIF2a
(Stressgen), anti-GRP78/Bip (Cell Signaling), anti-ATF4 (Cell Signal-0
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Fig. 2. Effects of ESAT-6 or 30-kDa antigens on mRNAs for GRP78 and CHOP in human A54
the indicated time periods. Total RNA was isolated and 1.0 lg of total RNA was used to
After RT-PCR, the ampliﬁed products were separated by electrophoresis on a 1.5% agaros
cells for 6 h were used as a positive control. Data represent fold change in GRP78 and C
obtained from three independent experiments. The statistical signiﬁcance (*P < 0.05;
unstimulated groups were veriﬁed by two-tailed t-test. Representative data from threeing), anti-GADD34 (Calbiochem), and anti-b-actin (Santa Cruz
Biotechnology). The blots were quantitated using a Gel Doc 2000
gel-documentation system (Bio-Rad).
2.6. Fluorochrome-labeled inhibitors of caspase and propidium iodide
assay
Active caspase assay was performed using CHEMICON In Situ
FLICA Pan-Caspase Detection Kit (Chemicon, Temecula, CA, USA).
A549 cells were stained with ﬂuorochrome-labeled inhibitors of
caspase (FLICA) working solution for 1 h at 37 C, shielded from
light, and labeled with propidium iodide (PI) according to the man-
ufacturer’s instructions. Green (FLICA) and red (PI) ﬂuorescence
was visualized by confocal microscopy (Zeiss, LSM510 Meta).
2.7. Statistical analysis
Statistical comparisons were performed using Student’s t-test.
Statistical signiﬁcance was tested at P < 0.05 as critical value.
3. Results
3.1. ER stress associated genes are induced by mycobacterial secreted
antigens treatment
To test whether mycobacterial secreted antigens, ESAT-6 or 30-
kDa, can induce cell death in human lung epithelial cells, A549, we
ﬁrst compared the cell viability at the various concentrations of the
antigens. As consistent with a previous report, the treatment of low0-kDa
3 6 24 48 Tm
0-kDa
3 6 24 48 Tm
ESAT-6 + 30-kDa
M 0 1 3 6 24 48 Tm
ESAT-6 + 30-kDa
M 0 1 3 6 24 48 Tm
**** *
** *
9 cells. A549 cells were treated with 5 lg/ml ESAT-6 or 5 lg/ml 30-kDa antigens for
generate cDNAs by reverse transcription PCR and ampliﬁed using speciﬁc primers.
e gel and visualized by ethidium bromide staining. Tunicamycin (10 lg/ml) treated
HOP mRNAs. The results were quantiﬁed with densitometry. Similar results were
**P < 0.01; ***P < 0.001) of observed differences between antigen stimulated and
independent experiments are shown. M, marker; Tm, tunicamycin.
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compared with that of 30-kDa and staurosporine (Fig. 1A). Previ-
ous reports state that ESAT-6 induced apoptosis is mediated by
an extrinsic pathway [8]. However, until now ESAT-6 mediated
apoptosis has not been studied in ER stress response. In order to
investigate the ESAT-6 involvement in the ER stress response and
its involvement in ESAT-6 induced cell death, we examined
whether ESAT-6 could induce the expression of spliced form of
X-box binding protein-1 (XBP-1) by quantitative RT-PCR. It is well
known that a transcription factor involved in the ER stress re-
sponse, is induced by ATF6 and spliced by IRE1. As shown in
Fig. 1, the expression levels of spliced XBP-1 mRNA was markedly
increased at 1 h (P < 0.001) after stimulation with ESAT-6 in A549
cells compared to 30-kDa, and then decreased gradually until
48 h (3 h, P < 0.01; 6 h, P < 0.01; 24 h, P < 0.05, or 48 h, P < 0.01)
(Fig. 1B). To test the activation of major chaperone proteins by
mycobacterial antigens, we analyzed the 78-kDa glucose-regulated
protein (GRP78) and C/EBP homologous protein (CHOP) expres-
sion, both known to be associated with ER stress [17]. The expres-
sion of GRP78 mRNA was increased between 3 and 24 h by ESAT-6
treatment (3 h, P < 0.05; 6 h, P < 0.05; 24 h, or P < 0.05) and
dropped rapidly within 24–48 h compared to 30-kDa-treated cells
(Fig. 2). Similarly CHOP mRNA increased after stimulation with
ESAT-6 antigen for 6 h and then decreased slowly until 48 h (3 h,
P < 0.01; 6 h, P < 0.01; 24 h, or P < 0.05). Furthermore, we observed
that A549 treatment with both ESAT-6 and 30-kDa did not signif-
icantly enhance the ER chaperon mRNA expression. Together these0
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Fig. 3. ESAT-6 stimulation induces ER stress sensors. A549 cells were stimulated with
lysates were prepared at the indicated time points after antigen treatment. Total protein
separated by 12% SDS–PAGE and blotted on a polyvinylidine diﬂuoride membrane. Indica
GRP78 (78 kDa), ATF4 (40 kDa), CHOP (27 kDa), phospho-eIF2a (36 kDa), eIF2a (36 kD
conjugated antibody for GRP78, phospho-eIF2a or eIF2a, anti-goat HRP-conjugated antib
is shown as a control for protein loading. The results were quantiﬁed with densitom
Representative data from three independent experiments are shown. The statistical sign
stimulated and unstimulated groups were veriﬁed by two-tailed t-test. ADU is arbitraryresults suggest that ER stress response might be caused by ESAT-6
stimulation in A549 cells.
3.2. ESAT-6 stimulation activates ER stress sensors
To conﬁrm that the expression of ER stress-associated mRNA
levels was induced by ESAT-6, we examined the expression of their
relevant proteins. As shown in Fig. 3A, GRP78 protein levels in-
duced by ESAT-6 were increased gradually and reached a maxi-
mum at 24 h. Conversely with 30-kDa antigen treatment, GRP78
increased slightly until 3 h and then decreased marginally until
24 h (P > 0.05). When we compared CHOP protein expression with
ESAT-6 and 30-kDa antigen stimulation (Fig. 3B), we found that the
30-kDa antigen did not induce CHOP production, while ESAT-6 did
induce CHOP production. The expression level of CHOP protein in-
creased until 6 h with ESAT-6 stimulation. Increased expression
was maintained up to 48 h (Fig. 3B). Since the major ER stress path-
way involves in eIF2a phosphorylation [17], we examined the
expression of phosphorylation following stimulation with the anti-
gens. Interestingly, eIF2a phosphorylation was gradually enhanced
by ESAT-6 stimulation (Fig. 3C). We next examined whether ATF4
and GADD34 were also induced by ESAT-6 (Fig. 3D and E). ATF4 is a
transcription factor that activates CHOP and, is induced by phos-
phorylated eIF2a. GADD34 is required for eIF2a dephosphorylation
and recovery. As expected, ATF4 and GADD34 were signiﬁcantly
induced by ESAT-6 treatment whereas 30-kDa antigen had no ef-
fect including eIF2a phosphorylation. These results indicate that0
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ated with ESAT-6 mediated apoptosis.
3.3. Induction of apoptosis by ESAT-6
In order to determine the effects of ESAT-6-induced cell death
on cells, MTT assay was used. Cells treated with 30-kDa were used
as a negative control. As shown in Fig. 4, the number of viable cells
decreased signiﬁcantly after stimulation with ESAT-6 for 1 h,
whereas no signiﬁcant decline was observed with 30-kDa stimula-
tion. Low populations of viable cells with ESAT-6 was detected by
MTT assay (16.2 ± 4.4%, 6 h and 12.3 ± 5.6%, 48 h). To determine the
mode of ESAT-6-induced cytotoxicity, we used ﬂow cytometric
analysis with annexin V staining. As shown in Fig. 4B, after 6 h of
treatment with ESAT-6 antigen, early apoptosis (78.6%) and late
apoptosis (5.5%) were observed. The 30-kDa antigen did not induce
apoptosis. The total number of A549 apoptotic cells induced by
ESAT-6 increased to 84.1 ± 5.3% (P < 0.001) indicating ESAT-6 could
induce apoptosis rather than necrosis or autophagy.
3.4. Caspases are activated by ESAT-6 treatment
The above results indicate that ESAT-6 efﬁciently induces ER
stress related apoptosis. CHOP production, a key molecule acti-C
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Fig. 4. Effects of ESAT-6 and 30-kDa on cellular viability in A549 cells. (A) A549 cells we
(5 lg/ml). Cell viability was determined using MTT assays as described in Section 2. Sta
represent the means ± S.D. from three independent experiments. (B) Apoptosis detected
Lower left (double negative), live cells; lower right (annexin V positive, PI-negative), ea
negative, PI-positive), dead cells; control, non-treated cells. (B) Percentage of apoptoti
signiﬁcance (***P < 0.001) of observed differences between antigen stimulated and unstvated by the ER stress-induced apoptosis pathway [18], was signif-
icantly increased by ESAT-6 stimulation (Fig. 5A, top row). Next,
we examined whether ESAT-6 stimulation activates the ER-resi-
dent cysteine protease, caspase-12, leads to the induction of apop-
tosis [19]. It has also been reported that human caspase-4, which is
also a resident of the ER, is the human functional counterpart of
murine caspase-12 that leads to apoptosis. Interestingly, we found
that the cleaved forms of caspase-12 and caspase-4 were gradually
increased with increasing ESAT-6 concentration. Consequently,
caspase-3 was activated and poly (ADP-ribose) polymerase (PARP)
cleavage, catalyzed by caspase-3, was increased following ESAT-6
stimulation in A549 cells (Fig. 5A).
A previous report suggests that ASK1-JNK pathway is related to
ER stress response [12]. Thus, we examined whether ASK1/JNK sig-
nal cascade is involved in ESAT-6 induced CHOP expression. To
address this issue, we analyzed CHOP expression in ASK1/ or
JNK/ mouse embryonic ﬁbroblast (MEF) cells following ESAT-6
stimulation. As shown in Fig. 5B, CHOP protein expression was
dramatically impaired, indicating that ESAT-6 induced CHOP pro-
duction is dependent on ASK1/JNK pathway. The differences were
quantiﬁed with densitometry and representative data from three
independent experiments are shown in Fig. 5. This result sug-
gests that ASK1-JNK signaling pathway is also involved in ESAT-
6-mediated ER stress apoptosis.ESAT-6
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Cytosolic free Ca2+ and the activation of calpain triggers cas-
pase-12 activation and ER apoptotic signaling. To test the role of
Ca2+ inﬂux in ESAT-6 induced ER stress response, we measured
intracellular Ca2+ inﬂux by Fluo-4/AM treatment. As shown in
Fig. 6A, the ﬂuorescence intensity for Ca2+ (green) was visible at
1 min and increased until 3 min post stimulation. Fluorescence
intensity was found in both the cytosol and nucleus at 3 min,
and nuclear free calcium ﬂuorescence intensity decreased at
4 min. Interestingly, ESAT-6-induced Ca2+ mobilization was
blocked in the presence BAPTA-AM, whereas EDTA had no such ef-
fect indicating that ESAT-6 stimulation caused an intracellular Ca2+
increase.
We also measured the calcium release kinetics with a Cool-
SNAP microscope. A 3-fold increase in ﬂuorescence intensity
was detected within 2 min after ESAT-6 stimulation in normal
bath solution (HBSS with normal [Ca2+]), which went down
immediately and out of phase. In addition, the Ca2+ levels did
not reach baseline levels within 6 min (Fig. 6B). To verify that
the observed calcium signals were caused by intracellular calcium
release, we stimulated A549 cells with ESAT-6 in Ca2+-free HBSS
buffer solution. ESAT-6-induced Ca2+ mobilization was observed
after ESAT-6 treatment under Ca2+ free conditions, indicating thatthe source of Ca2+ released by ESAT-6 was from intracellular Ca2+
stores. We next analyzed ROS production by ESAT-6 because Ca2+
is responsible for production of ROS [20]. ESAT-6 stimulation led
to a robust burst of intracellular ROS production in A549 cells
(Fig. 6C). Thus, we conclude ESAT-6 induces ER stress through
ROS production in A549 cells. Since NF-jB, a sign of cell survival,
is associated with ROS generation, we investigated the role of NF-
jB activation on the ESAT-6 induced apoptosis. As expected, we
found that ESAT-6 transiently induced NF-jB activation as con-
ﬁrmed by IjBa degradation (Fig. 6D). However, pretreatment of
speciﬁc NF-jB inhibitor, Bay-11, did not protect ESAT-6-induced
apoptosis (data not shown). These results indicate that ESAT-6-in-
duced NF-jB activation is less likely to contribute the apoptotic
process. In addition, we measured Bcl-2 and Bax expression post
ESAT-6 stimulation in A549 cells. Bcl-2 and Bax are known inhib-
itor and promoter proteins, of apoptosis. As expected, Bax protein
increased continuously, and Bcl-2 decreased following ESAT-6
treatment (Fig. 6E).
Consistent with the intracellular Ca2+ chelation effect (Fig. 6A),
BAPTA-AM did not block ESAT-6-mediated apoptosis (Fig. 7A). Pre-
vious reports indicate that calpain is activated by Ca2+ inﬂux [21].
To further conﬁrm that calpain activation results from an increased
in Ca2+, we tested effect of calpain inhibition on ESAT-6 mediated
apoptosis. Interestingly, speciﬁc calpain inhibitor PD150606
0                       1                    2                      3                      4           (min)
ESAT-6 
0                     sc             BAPTA-AM        EDTA
ESAT-6
3 min
0                  10               20               30                60               120   (min)
ESAT-6 
Normal bath solution
1
2
3
1
2
3
R
at
io
 (3
40
/3
80
 n
m
)
1 min R
at
io
 (3
40
/3
80
 n
m
)
1 min
ESAT-6 ESAT-6 
Ca2+ free solution
0 10 20 30 60 1200
40
160
80
120
IκBα
3h0 10’ 1h 6h
β -actin
10’
80
100
120
Bax
Bcl-2
Bax 
0 1 3 6 24Time (hr)
Bcl-2 
0 1 3 6 24
ESAT-6 (5μg/ml)
A
D
U
 *
** **
Incubation time (min)
Incubation time (hours)
Time 
Th
e 
m
ea
n 
re
la
tiv
e
flu
or
ec
sc
en
ce
 in
te
ns
ity
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presence or absence of EDTA or BAPTA-AM, then imaged by confocal microscopy under a 10/0.40 CS objective lens at 1 min intervals. A549 cells were pretreated with 25 lM
BAPTA-AM, an intracellular calcium chelator, or 10 mM EDTA for chelating extracellular calcium before ESAT-6 treatment for 3 min. The basal and peak ﬂuorescence is
displayed. Actual number of cells in each case was approximately 100 single cells. Fluo-4/AM (green) was excited with the 488 nm line of an argon laser, and its ﬂuorescence
emission was recorded between 500 and 550 nm. The nucleus was stained with DAPI (blue). (B) Graphs showed changes in mean ﬂuorescence intensity from 15 cells per
microscopic ﬁeld over time. The ﬁgure is representative of three independent experiments. Fura-2/AM was excited with the 340 nm/380 nm, and its ﬂuorescence emission
was recorded at 510 nm. Actual number of cells in each case was approximately 100 single cells. (C) Superoxide production of A549 cells in time dependent manner. The cells
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These results demonstrate that ESAT-6 treatment activates calpain
as a consequence of intracellular Ca2+ release and resulted in A549
cells apoptosis.4. Discussion
Many studies have shown that Mtb can induce apoptosis in host
cells [2–4]. However, the molecular mechanism underlying the
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remains unknown [2]. In this study, we evaluated the function of
secreted mycobacterial proteins in host cells because prolonged
ER stress as a result of misfolded protein accumulation can lead
to cell apoptosis. We have demonstrated that XBP-1 splicing was
increased by mycobacterial secreted protein ESAT-6 (Fig. 1). XBP-
1, which encodes a potent transcriptional activator, is a substrate
for mammalian IRE1 RNase activity. During the activation of un-
folded protein response (UPR), IRE1 RNase cleaves XBP-1 mRNA
and the spliced XBP-1 mRNA induces the expression of ER chaper-
ones and other genes involved in the degradation of misfolded
proteins [14]. We also found evidence suggesting that ER stress-
signaling pathways result from an increased of GRP78 and CHOP
mRNA levels induced by ESAT-6 stimulation (Fig. 2). GRP78 is nor-
mally associated with ER sensors localized within the ER mem-
brane [17]. Thus, GRP78 dissociation by ESAT-6 may induce the
upregulation of ER chaperone molecules. CHOP has been shown
to positively regulate the expression of TRAIL-R2, a gene encodingthe death domain-containing receptor DR5. CHOP also negatively
regulates the anti-apoptotic protein Bcl-2 [22]. GRP78 and CHOP
mRNA levels induction is a result of ESAT-6 treatment in A549 cells
as conﬁrmed by protein expression levels. We suggest that ESAT-6-
mediated apoptosis involved in ER stress play a signiﬁcant role in
TB pathogenesis.
In addition, PERK, which phosphorylates the translation initia-
tion factor eIF2a, halts protein translation and represses the contin-
ual synthesis of proteins in the ERwhenprotein folding conditions in
the ER are compromised [12,17]. In the present work, we found that
eIF2aphosphorylation, ATF4 andGADD34expressionwas increased
gradually by ESAT-6 stimulation, indicating that ESAT-6 stimulation
induces CHOP via ATF4 and GADD34 expression which is required
for eIF2a dephosphorylation and recovery [23].
Since ASK1/JNK pathway is involved in ER stress response [12],
we hypothesized that ESAT-6 stimulation causes IRE1/ASK1/JNK
signaling resulting in increased CHOP expression leading to apop-
tosis. This report also shows ESAT-6 induced CHOP expression was
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mediate apoptosis via the extrinsic pathway, not the intrinsic
mitochondrial pathway involving the translocation of Bax into
the mitochondria and activation of Bak [8]. We demonstrated here
that Bcl-2 expression was decreased but Bax was increased by
ESAT-6. In addition to ESAT-6 induction of CHOP protein expres-
sion, we showed that the cleavage of caspase-3 and PARP in
A549 cells is gradually induced following treatment of ESAT-6. To-
gether these results suggest that apoptosis via not only an extrinsic
pathway but also a mitochondria-mediated pathway results from
ESAT-6 stimulation in A549 cells.
The activation of caspase-12 in response to ER stress has been
suggested as a putative molecular marker of apoptosis [19]. We
found not only an increase in procapase-12 cleavage but also cas-
pase-4 cleavage in response to ESAT-6 treatment for 6 h, based on
the fact that human caspase-4 is known to be the counterpart of
murine caspase-12 [26]. Our current results showed that both cas-
pase-12 and caspase-4 are cleaved into their active forms during
ER stress in human cells during ESAT-6 stimulation. Although it
is not yet clear whether caspase-4 and caspase-12 play a role in
regulating apoptosis through ER stress pathway, our data suggest
that both caspase-12 and caspase-4 are required for the induction
of ER stress-induced apoptosis during ESAT-6 stimulation.
Since caspase-12 is activated by calpain, which is a calcium-
activated neutral proteinase, and ESAT-6 is known as a pore-form-
ing protein in cell membranes [8], we investigated the role of
ESAT-6 related to Ca2+ release because Ca2+ is a ubiquitous second
messenger that regulates a broad range of important cellular pro-
cesses [27]. During ER stress by ESAT-6 stimulation, Ca2+ was de-
tected in the cytosol (Fig. 6A and B), however ESAT-6-induced
Ca2+ ﬂux was blocked by the intracellular Ca2+ chelator BAPTA-
AM and not by EDTA. This result suggests that ESAT-6 induces in-
ﬂux from Ca2+ intracellular stores in A549 cells. ESAT-6 stimulation
also led to a robust burst of intracellular ROS production (Fig. 6C).
Furthermore, we found that apoptosis was largely blocked not only
by the removal of intracellular Ca2+ but also by calpain inhibition
achieved by pretreatment with PD150606 during ESAT-6 stimula-
tion (Fig. 7). These results suggest that ESAT-6 stimulation causes
Ca2+ efﬂux in the cytosol and induces ER stress via generation of
ROS resulting in apoptosis [28]. In addition, we conﬁrmed ROS gen-
eration as a result of NF-jB activation but this activation is less
likely to contribute the apoptosis via ESAT-6 treatment.
Several reports implicate 30-kDa antigen as one of the immuno-
genic mycobacterial proteins that induces a strong host production
of Th1-type cytokine, therefore we are still considering 30-kDa as a
mycobacterial ER stress inducer because of its cytokine-inducing
activity [24,25]. However, no signiﬁcant change in ER stress sen-
sors following 30-kDa antigen stimulation in A549 cells was ob-
served. Our results suggest that 30-kDa antigen is not enough to
induce ER stress pathway in human epithelial cells but more stud-
ies are need to understand the full effects of it.
Our results demonstrated for the ﬁrst time that the expression
of ER-stress sensors is involved in mycobacterial antigen ESAT-6-
induced apoptosis. Taken together, we suggest that ESAT-6 stimu-
lation perturbs Ca2+ signaling and induces ROS production. It
causes ER stress responses, and promotes apoptosis in human epi-
thelial cell. Our results provide new insights into the role of ER
stress-mediated apoptosis in mycobacterial pathogenesis and
should be considered in the development of improved vaccines
for tuberculosis.
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